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nanotubes. Lasing is also demonstrated in a liquid environment, with an approximate doubling in threshold observed. The nanotube lasers could be of interest for optical nanofluidic applications or applications benefitting from a hollow beam shape. More generally, the results indicate that cross-sectional shape control can be employed to manipulate the properties of nanolasers.
Table of Contents Figure
Semiconductor nanowire lasers have been explored as potential compact and low power requirement coherent light sources for a wide range of applications such as on-chip optical interconnects, sensors, and nanoscale probes [1] [2] [3] [4] [5] . In order to maximize the potential of nanowire lasers, a greater understanding and control over their properties, including mode control, polarization control, wavelength tuning, and beam shaping, is necessary. Recently, single mode emission from GaN nanowire lasers was demonstrated via several routes, including size (diameter and length) control 6 , coupled nanowires [7] [8] [9] , distributed feedback 10 , and placement onto a metal substrate, which induces a mode-selective loss 11 . Wavelength tuning of GaN nanowire lasers was demonstrated using GaN/InGaN nanowire photonic crystal arrays 12, 13 , hydrostatic pressure 14 , and bandgap graded nanowires 15, 16 . and The polarization properties and control of 3 polarization in GaN nanowire lasers were also studied via increasing optical excitation 17 and a metal-induced mode-selection mechanism 18 .
The ability to control the cross-section of nanowire lasers could also provide novel routes to broaden their applications and manipulate their optical properties. Research on nanofluidic systems have opened a new window for many applications, such as analytical separation and determination of biomolecules 19 . Inorganic nanotubes can be used as ultracompact channels for nanofluidic devices 20 . Up to now, the study of the impact of nanowire geometry on lasing properties has been relatively unexplored, limited in part by difficulties in precisely and arbitrarily controlling cross-sectional shape using bottom-up nanowire growth methods. In this letter, we demonstrate optically pumped lasing from hollow-cross-section, GaN nanotubes fabricated by a two-step top-down technique. 
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The GaN nanotube lasers are characterized experimentally using a 2-arm custom microphotoluminescence (µ-PL) system 17, 18 . The GaN nanotube lasers are optically excited by a 266 nm, frequency quadrupled Nd:YAG microchip laser with a pulse width of 400 ps and a repetition rate of 10 kHz. In order to vary the pump power density, a variable neutral density (ND) filter is placed after the pump laser. After passing through the ND filter, the pump laser beam is focused to a spot with a beam waist diameter of ~3.5 µm by means of a 50× infinity corrected objective.
Due to the 5 µm spacing between adjacent nanotubes, this spot size allows for individually pumping the GaN nanotubes. This objective is also used to collect the end-facet emission from the as-fabricated GaN nanotube lasers or the scattered emission from GaN nanotube lasers lying on the substrate. Images of the end-facet emission are captured by the CCD camera in the pump arm. The spectra of the GaN nanotube lasers are measured by a 2400 groove/mm holographic grating spectrometer. For measurement of the polarization of the end-facet emission, GaN nanotubes were transferred to a cleaved edge of a silicon substrate 10, 17 . Another polarizer is placed behind to measure the polarization of the GaN nanotube's emission. Different spatial intensity distributions of the emission from a GaN nanotube lying flat on a sapphire substrate are observed when it is optically pumped below and above lasing threshold (Figure 2) . When the excitation level is below the lasing threshold, the intensity of the emission at both ends of the nanotube is slightly stronger than at the center, resulting in nearly uniform emission, because only partial spontaneous emission is coupled into the guided mode of the tubular waveguide. The absence of interference fringes also indicates incoherent emission.
However, when the GaN nanotube is excited above a certain threshold level, the intensities of the emission at both ends of the nanotube become much stronger than in the middle due to the strongly guided mode (Figure 2(b) ). This intensity distribution also implies that the GaN nanotube lases in a Fabry-Perot mode rather than a whispering gallery mode as reported for GaN nanorings grown by selective area growth using molecular beam epitaxy 24 . Interference fringes are also observed, indicating spatially coherent emission. Emission spectra of a GaN nanotube laser lying on a Si3N4 / Si substrate are shown in Figure 3 (a). At the lower pump power density (832 kW/cm 2 ), a broad band spectrum with a full width half maximum (FWHM) of ~7 nm centered at 366 nm is observed, suggesting spontaneous emission from the GaN nanotube. At a pump level of 2754 kW/cm 2 , the FWHM of the spectrum shows a dramatic reduction to ~0.2 nm. The relatively large linewidth results from multi-mode lasing from the GaN nanotube. Since the outer diameter of the GaN nanotube is much larger than half of the optical wavelength in GaN, the nanotube laser shows multi-transverse mode lasing behavior, with a mode spacing smaller than the resolution of the spectrometer, as seen in Figure   3 (a). A blue-shifting of the peak wavelength with increasing pump power is also observed, which may be the result of mode-hopping 17 .
The intensity of the dominant lasing peak is plotted versus pump power density as shown in the light-in-light-out (L-L) curves in Figure 3 (b) to more accurately estimate the lasing threshold.
At lower pump power density, spontaneous emission dominates; therefore the peak intensity increases linearly as the pump power density increases. When the GaN nanotube is excited over a pump power density of approximately 1055 kW/cm 2 , the peak intensity increases with a much larger slope as the pump power density increases. This implies that stimulated emission dominates and that the nanotube is excited above lasing threshold.
In order to demonstrate potential use for nanofluidic applications, the same hollow GaN nanotube laser was subsequently immersed in silicone oil ( refractive index ~ 1.5) and optically 9 characterized. Lasing is observed from the GaN nanotube laser (Figure 3(c) ) when the optical pump power density reaches the lasing threshold (2208kW/cm 2 ) (Figure 3(b) ), an approximate doubling from the threshold in air. The lasing threshold increase is due to the increase of ambient refractive index, which results in increase of mirror loss and decrease of confinement factor. We note that the measured lasing threshold of the nanotubes is significantly higher than reported for c-axis GaN nanowires fabricated by this two-step top-down approach 6, 11 . In order to understand the threshold increase, an eigenmode solver (Lumerical Inc.) was used to simulate the confinement factor and the propagation loss of the transverse modes. The results show that, for a GaN nanotube laser, the electro-magnetic fields of the transverse modes are well-confined in the shell region, leading to only small electro-magnetic fields in the hollow region. Therefore, only a small difference of ~2-3% in confinement factors of the transverse modes of a 1.3µm GaN nanowire and a GaN nanotube are observed. The reflectivity of modes in a nanotube laser structure was also simulated by a finite different time domain (FDTD) simulation (Lumerical) and compared with a solid nanowire structure. The FDTD simulation shows that there is no significant difference in reflectivity that will significantly increase the lasing threshold compared to nanowires. However, we note that the GaN nanotubes show inward-tapered inner sidewalls from top to bottom likely due to reduced dry and wet etch efficiency inside of the tubes toward their bottoms. Both end-facets of 5 different nanotubes were imaged by SEM (Figure 4 In order to analyze the modal properties of the nanotube lasers, the second collection arm of the µ-PL was used to measure the polarization of the emission from a nanotube hanging off the edge of a silicon substrate 17, 18 . Figure 5 In conclusion, GaN nanotubes with controlled dimensions and hollow ends are fabricated by two-step top-down etch process. The nanotubes lase under optical pumping at room temperature in both ambient and liquid environments, and show an observed annular end-facet emission pattern, opening the door for novel optical nano-and micro-fluidic applications. This donutshaped emission emerges from the annular cross-section of the nanotube and offers the possibilities for nano-and micro-photonic applications benefitting from a hollow beam shape such as on-chip atom trapping 25 and stimulated emission depletion spectroscopy 26 . More
